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for Coronary Revascularization 
Hendrick B. Barner and Scott H. Johnson 
Complete myocardial revascularization using arterial 
grafts is receiving increased attention from cardiovascu- 
lar surgeons. The high rate of late saphenous-vein graft 
failure has expanded the use of the internal thoracic 
artery (ITA), radial artery, gastroepiploic artery, and 
the inferior epigastric artery. Inspired by the experi- 
ence of Calafiore et all and Tector et a1,2 we have 
combined the use of the left ITA with a single radial 
artery graft to achieve complete revascularization with 
arterial conduit during coronary artery bypass grafting 
(CABG). Since 1993, we have used this grafting strategy 
successfully in over 350 patients. 
History of the Radial Artery Graft 
The radial artery graft was the second arterial conduit 
to be used clinically.3 However, early reports of poor 
patency caused the clinical use of this graft to be 
abandoned.4.s Interest was renewed when three of 
Carpentier's patients were found to have widely patent 
radial artery grafts 15 to 18 years after grafting. This 
finding led to the revival of the radial artery as a 
conduit for CABG. In 1992, Carpentier's group6 re- 
ported their recent experience with the radial artery 
with a reported patency of 93.5% in 31 grafts studied at 
an average of 9.2 months postoperatively. Based on this 
experience, Calafiore et in Chieti, Italy began using 
the radial artery and found an early patency of 98.7% 
in 76 radial grafts studied at a mean follow-up of 3.6 
months. Late patency in 35 grafts studied at a mean 
follow-up of 21.2 months was 94.3%. Chen et a18 
recently reported early results that are equally impres- 
sive. Table I summarizes the early patency data on the 
radial artery. These early successful observations have 
re-established interest in the use of the radial artery as 
an alternative to saphenous-vein and bilateral ITA 
grafting. 
Rationale for Arterial Grafting 
During the 1980s, a number of investigators reported 
increased long-term patency with the use of the left ITA 
when compared with the saphenous ~ e i n . ~ J ~  This in- 
creased patency was also associated with fewer isch- 
TABLE 1. Radial Artery Patency in the Current Era 
Radial 
Number of Grafts 
Investigator Patients Studied Follow-Up Patency 
Acar, et a16 27 31 9.2 mo 93.5% 
Calafiore, et a17 75 76 3.6 rno 98.7% 
33 35 21.2 rno 94.3% 
Chen, et ale 60 94 11.6 wk 95.7% 
emic events in follow-up and greater long-term survival. 
The routine use of the left ITA became standard 
surgical therapy. Logically, many surgeons concluded 
that multiple ITA grafts would show additional benefits 
beyond that of which single ITA grafting provides. Since 
this time, numerous investigators have used bilateral 
ITA grafting in the hope that this would translate into 
better long-term survival and freedom from ischemic 
events. However, data supporting these conclusions has 
been difficult to obtain. Some studies have shown a 
reduced number of ischemic events in long-term follow- 
up, but none have conclusively shown a survival advan- 
tage. l1>l2 These findings combined with the inherent 
complexity of bilateral ITA grafting and longer opera- 
tive times has dampened enthusiasm for this technique. 
Alternative arterial conduits were used with the hope 
that they would provide freedom from graft failure. The 
ideal arterial conduit should have patency similar to 
that of the left ITA, but it should not significantly 
lengthen the time or difficulty of the procedure. In 
addition, this conduit should be technically easy to 
work with and should be of sufficient length to achieve 
complete revascularization of all diseased coronary 
arteries. Furthermore, the harvest of this conduit 
should be free from local complications and harvesting 
should be able to occur simultaneously with that of the 
left ITA. In our experience, the radial artery has filled 
these needs successfully. 
The use of the radial artery has several distinct 
advantages over other arterial conduits. The harvest of 
this graft can occur simultaneously with left ITA harvest- 
ing. The forearm harvest of the radial artery provides 
18 to 24 cm of usable conduit. This length provides the 
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ability to perform total revascularization of the heart 
when the radial artery is anastomosed to the proximal 
left ITA in a T-graft configuration. In  addition, the 
radial artery is 2.5 to 4.0 mm in diameter, slightly larger 
than the left ITA, and is favorable to work with 
technically. 
Potential disadvantages do exist. First and foremost, 
the long-term patency of the radial artery is unknown. 
Second, the construction of three or  four arterial 
anastomoses is technically more demanding and can 
lead to longer cross-clamp times. In  addition, the 
T-graft configuration has been criticized for its reliance 
on all graft flow proceeding through the proximal left 
ITA. F’otentially, this could limit coronary flow reserve 
and cause acute hypoperfusion and myocardial injury. 
Finally, spasm of the radial artery has been docu- 
mented angiographically and use of this conduit may 
increase the incidence of clinically significant spasm in 
bypass conduits. 
Patient Selection 
All patients are considered candidates for radial artery 
grafting. I t  has been our practice to use the radial 
artery as a conduit in patients less than 70 years of age 
and in those whose ejection fraction is greater than 
30%. IIowtwer, we have used the radial artery success- 
fully in both patients who are older than 70 years of age 
and in those with severely depressed left ventricular 
function when alternative conduit was unavailable. The 
only ahsolute contraindication to radial artery harvest 
is a positive Allen test. All potential candidates for 
radial artery grafting are tested. The radial and ulnar 
arteries are compressed manually and the hand is 
opened and closed vigorously 20 times. The ulnar 
artery is released and the time to capillary refill is 
noted. If the refill time is greater than 10 seconds, the 
test is positive. Usually, rapid refill occurs within 3 to 5 
seconds. In our series of patients, 11.6% had a unilater- 
ally positive Allen test and 4% had a bilaterally positive 
Allen test. There has been no reluctance to harvest the 
radial artery from the dominant arm. It  is simpler to 
harvest the left radial artery because this facilitates 
simultaneous harvest of the left ITA. However, the right 
radial and the left ITA can be harvested simultaneously 
when needed. 
Grafting Strategy 
The use of the radial artery and the position of its 
proximal anastomosis evolved during our experience. 
This evolution reflected increasing confidence with a 
new operation as well as changing philosophy regarding 
conduit usage. Initially, we used the radial artery as a 
free graft with a proximal anastomosis on the aorta. 
Later, the proximal anastomosis was moved to the left 
ITA. As our experience in this position increased, the 
radial artery was used to complete all distal anastomo- 
ses to the circumflex and right coronary distributions. 
Concurrently, as our use of the radial artery expanded, 
our reliance on other conduits decreased. 
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SURGICAL TECHNIQUE 
1 The patient is placed in the su- 
pine position with the donor arm ex- 
trndrd on an armboard and the con- 
tralateral arm tucked in at the side. 
The patient is prepped and draped in 
a sterile fashion. 
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2 The radial artery lies beneath the fascia of the forearm 
as opposed to the subcutaneous location of the saphenous 
vein. Postoperative complications, such as hand ischemia, 
nerve injury, and compartment syndrome, are possible. 
Therefore, proper attention must be directed to the ana- 
tomic landmarks that provide the boundaries for the 
forearm dissection. In addition, the nerves that provide 
sensory innervation to the volar forearm need to be pre- 
served, and finally, meticulous hemostasis with control of 
the branching points of the radial artery is necessary. An 
excellent description of radial artery harvest is available for 
further review. l 3  
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3 An incision is made over the course of the radial artery 
from the proximal wrist crease to its origin in the antecubi- 
tal fossa. The incision is curved gently following the belly of 
the brachioradialis muscle. Proximally, the incision is made 
in the groove between the brachioradialis and the biceps 
tendon. Dissection should be kept on the radial side of the 
biceps to avoid possible damage to the brachial artery, 
ulnar artery, and median nerve, which lie medially. The 
incision is carried down to the muscle fascia. Hemostasis is 
obtained with electrocautery to the skin and subcutaneous 
tissue. Small veins are preserved whenever possible. Fre- 
quently, the lateral antebrachial cutaneous nerve (LABCN) 
can be identified because it follows the belly of the brachio- 
radialis. The IABCN provides sensory innervation to the 
radial aspect of the volar forearm. 
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4 The dissection of the radial artery begins distally. Here, 
the radial artery is covered only by superficial fascia and 
connective tissue. The fascia is divided, exposing the entire 
artery. When entering the midforearm, the fascia i s  incised 
between the ltelly of the brachioratlialis and the flexor 
carpiradialis muscles. Care is taken to keep the LABCN on 
the lateral side of the incision. After exposing the entire 
artery, a small vessel loop is passed underneath the artery. 
Gentle upward traction provides additional exposure. The 
artery is dissected with the two venae comitantes, and all 
branches are controlled with small hemostatic clips without 
the use of elertrocautery. Occasionally, during proximal 
dissection, the superficial radial nerve can be identified. This 
nerve provides cutaneous innervation to the radial aspect of 
the thumb and dorsum of the hand. The superficial radial 
nerve lies under the brachioradialis muscle in close proximity 
to the radial artery. Distally, this nerve swings laterally and 
deep to the radial artery. During dissection, the superficial 
radial nerve is not usually encountered, unless there is 
excessive lateral retraction on the brachioradialis muscle. 
After complete mobilization of the radial artery, two large 
branches may be identified, one proximally and one distally. 
The radial recurrent artery originates from the proximal 
radial artery 1 cm distal to the junction of the biceps 
aponeurosis and the radial artery. This large branch usually 
defines the proximal extent of dissection. The second major 
branching point is the superficial palmar artery. This arises 
distally from the radial artery and defines the distal extent of 
dissection. Both of these arteries should be identified and 
preserved. After complete mobilization, the radial artery is 
divided distally and then proximally. After harvesting, the 
conduit is placed in a solution of lactated ringers at room 
temperature. We have not used calcium channel hlockers in 
our storage solution. 
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5 The left ITA is harvested in rou- 
tine fashion with distal division be- 
tween hemostatic clips early in the 
harvest. The artery is mobilized to the 
anterior surface of the subclavian vein 
using electrocautery and is then posi- 
tioned in the left chest. The pericar- 
dium is opened in the midline and 
incised to the phrenic nerve on the left 
at the level of the left atrial append- 
age. Purse-string sutures are placed in 
the ascending aorta and right atrium 
and the patient is heparinized. 
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6 The proximal anastomosis is then carried out before cannulation for bypass. (A) The ITA is positioned parallel to the 
phrenic nerve and is marked at  the point where it crosses the pericardial incision at  the level of the left atrial appendage. It is 
then pulled into the anterior superior mediastinum where it is suspended with two silk sutures placed through the pedicle. The 
ITA is exposed by sharp dissection just proximal to the suspending sutures. A soft vascular clamp is placed across the 
proximal ITA and a 4 to 5 mm arteriotomy is made. The radial artery is then spatulated for a distance of 3 to 4 mm on the side 
having the most clips, which usually corresponds to the dorsal surface of the radial artery in its native position. The radial 
artery is anastomosed to the ITA using running 7-0 polypropylene beginning at  the heel of the anastomosis. (B) After five 
suture bites, the radial artery is parachuted down with continuation of the suture line on the far side from the surgeon to the 
toe, and (C) then back on the near side toward the heel. The proximal vascular clamp on the ITA is released, filling the ITA 
and the radial artery. The heel of the anastomosis is reinforced with a fine polypropylene suture placed through the muscle 
fascia of the ITA and through the adventitia of the radial artery 3 to 5 mm distal to the anastomosis. A similar suture is placed 
at the toe of the anastomosis, but the radial artery bite is 1 mm from the suture line. The mammary artery is then trimmed and 
prepared for grafting. The mammary artery is allowed to bleed into a 30 mL beaker containing 60 mg of papaverine. A 2-mm 
olive-tipped cannula (DLP Inc, Grand Rapids, MI) is introduced into the distal end of the radial artery and 5 mL of the 
solution containing papaverine and heparinized blood is injected into the radial artery without proximal clamping. The distal 
radial artery and left ITA are clamped and both conduits are placed in the left chest. The radial artery is checked 10 minutes 
later and, if it has not dilated and there is not a good distal pulse, the papaverine injection is repeated. Cardiopulmonary 
bypass is begun when the radial artery is satisfactorily dilated. 
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7 (a-e) The aorta is clamped and antegrade 
blood cardioplegia is administered. The aorta 
is vented in a standard fashion. The radial 
artery anastomoses are performed first, begin- 
ning in the circumflex system and working 
distally to the branches of the right coronary 
artery. All arterial sequential anastomoses are 
performed in a parallel fashion with arterioto- 
mies of 4 mm in length. The anastomosis is 
initiated with 7-0 polypropylene proximally 
and the entire far side of the anastomosis is 
performed in a parachute fashion. After the 
suture line has been carried two bites beyond 
the distal end of the anastomosis, the two 
arteries are brought together. The near suture 
line is completed by using the proximal suture 
limb and carrying it distally. The soft vascular 
clamp is released from the radial artery and 
placed distally and the anastomosis is checked 
for hemostasis. Leaks are repaired at this time. 
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8 (a-f) Another dose of blood cardioplegia is 
then administwed and the second radial artery 
anastomosis is performed, whether it is to a 
second marginal, a posterolateral artery, or, as in 
this case, to a posterior descending artery. Adja- 
cent and parallel arteries are grafted by making 
an S curve between the two anastomoses with the 
first anastomosis placed more proximal on the 
coronary artery and the second anastomosis placed 
more distally on the coronary artery to facilitate 
the S curve and achieve parallel anastomoses. 
Alternatively, the radial artery can be looped 
toward the apex of the heart and approach the 
next anastomosis from the apex or  it can be 
looped toward the base of the heart and approach 
the coronary artery from this direction. If there is 
a loop of radial artery between the circumflex and 
right systems, it is always tacked to the epicar- 
dium with fine polypropylene sutures. The poste- 
rior descending anastomosis is then performed by 
using a running 7-0 polypropylene suture in an 
end-to-side fashion. This anastomosis is usually 
performed with the toe of the radial artery ori- 
ented toward the proximal native coronary ar- 
tery. 
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9 (a-e) The left ITA is used as a 
sequential graft to the diagonaMeft 
anterior descending (LAD) system. 
The diagonal anastomosis is per- 
formed first with running 7-0 poly- 
propylene. Technically, the side-to- 
side anastomosis is constructed in a 
similar fashion with slightly shorter 
incisions in the two arteries because 
of the greater compliance of the wall 
of the ITA. 
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10 (a-f) The distal ITA anastomosis is accomplished in a standard manner with 
7-0 polypropylene using a 3 to 4 mm coronary arteriotomy and appropriate 
spatulation of the ITA. The ITApedicle is then tacked to the epirardium with fine 
polypropylene sutures after completing the anastomoses. Occasionally, the left ITA 
will not reach the diagonal/LAD system. In this situation, we have grafted the ITA to 
the rirrumflex system and the radial artery is used to revasrularize the LAD system. 
The radial graft is then passed over the acute margin of the heart and grafted to the 
posterior desrending. 
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1 1 Conduit vascular clamps (A) are released before cross clamp release to check for hemostasis. (B) The left ITA pedicle, 
the radial artery, and all distal anastomoses are inspected. The cross clamp is released and the heart defibrillated if necessary. 
After satisfactory hemostasis has been achieved, pacing wires are placed and the patient is weaned from cardiopulmonary 
bypass. 
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COMMENTS 
Results 
We have used the radial artery as a hypass conduit in 
377 patients who ranged in age from 29 to 82 years with 
a mean of 58.8 years. Ninety one patients (24.1%) were 
women and 76 patients (20.1%) had diabetes. Reopera- 
tive CABG was performed in 47 patients (12.5%) with 5 
patients undergoing their third CABG procedure. Pre- 
operative myocardial infarction occurred in 54 (14.3%) 
patients. Left ventricular score ranged from 5 to 16 with 
a mean of 8.S. An average of 3.5 grafts were placed per 
patient. 
The use of alternative conduits and the position of the 
radial artery proximal anastomosis evolved during our 
experience. The 377 patients are divided into two 
groups based on the position of the proximal anastomo- 
sis antl h i e d  on the use of additional conduits. Group I 
represents the first 74 patients and Group I1 represents 
the last 303 patients. 
In the first 74 patients (Group 1), the radial artery 
p-oximal anastomosis wits to the aorta in 36, to the left 
ITA in 36, and to the right ITA in 2 patients. A total of 
118 distal vessels were grafted with radial arteries for a 
total of 1.6 distal anastomoses per radial artery graft. 
There was an increased reliance on the use of additional 
conduits with 50/74 patients (67.6%) requiring addi- 
tional conduits aside from the left ITA and a radial 
artery. Additional conduits included the right ITA (43 
patients), the gastroepiploic artery (12), and the saphe- 
nous vein (6). The majority of patients in Group I1 
(287/303) used the left ITA as the site of the radial 
artery proximal anastomosis. The aorta was used in 11 
patients and ti right ITA graft was used in 5 patients. A 
total of 648 distal anastomoses were performed with 
radial artery grafts for a mean of 2.1 distals per radial 
graft. The reliance on adclitional conduits decreased 
with 9S% of patients requiring only a left ITA graft and 
a single radial artery. Alternative conduits used were 
the right ITA (8 patients), gastroepiploic artery (2), 
inferior epigastric artery (a) ,  and saphenous vein (6). 
There has heen one death within 30 days (0.3%). 
Nine patients (2.4%) have had perioperative Q-wave 
infarctions. Five patients (1.3%) required reopei'ation 
for bleeding. Two patients had mediastinal wound 
infections. A total of five patients (1.3%) had clinical 
hypoperfusion resulting in electrocardiogram (EKG) 
changes and/or hemodynamic compromise. These pa- 
tients were treated with a combination of therapies, 
including vasodilators, intra-aortic balloon pump, and 
supplemental vein grafting to the affected coronary 
system. 
The first patient with hypoperfusion (No. 17) under- 
went reoperative CABG and had the radial artery 
anastomosetl to a free right ITA because the radial 
artery would not reach to the aorta. Before closure of 
the chest, division of the adventitia on the right ITA 
induced spasm that precipitated hypoperfusion and 
hemodynamic collapse requiring recannulation and 
cardiopulmonary bypass followed by intra-aortic bal- 
loon pump insertion. The spasm reversed clinically and 
the patient was weaned from cardiopulmonary bypass 
antl had an uneventful recovery. The second patient 
with hypoperfusion (No. 133) developed spasm in the 
radial artery graft before separating from cardiopulmo- 
nary bypass. This spasm could not be reversed and a 
supplemental vein graft was placed to the obtuse mar- 
ginal artery. The third and fourth patients (Nos. 156 
and 161) had a radial artery grafted to their obtuse 
marginal artery. Both of these patients developed lat- 
eral EKG changes and had positive creatine kinase MB 
band (CK-MB) release. Both had severe diffuse disease 
in their distal coronary arteries and it was believed that 
supplemental vein grafting was not indicated. These 
patients were supported hemodynamically and recov- 
ered. It is not clear whether these findings represented 
anastomotic conduit closure because of coronary dis- 
ease or  conduit spasm. The fifth and final case (No. 342) 
developed lateral EKG changes and CK-MB release 48 
hours after reoperative CABG. Repeat cardiac catheter- 
ization revealed occlusion of the radial artery at the 
side-to-side anastomosis to the first circumflex marginal 
branch. The patient was taken back to the operating 
room and had supplemental vein grafting performed to 
the circumflex marginal system. This patient had low 
cardiac output postoperatively and was supported with 
an intra-aortic balloon pump and long-term inotropic 
support. The patient did recover and was able to be 
discharged. 
Thirteen patients with symptoms suggestive of angina 
have come to repeat cardiac catheterization. The radial 
artery was grafted to the aorta in three (1/3 patent) and 
to the ITA in ten patients (9110 patent). The ten patent 
radial arteries had a total of 24 distal anastomoses, of 
which 21 were patent (87.5%). 
In  our experience, the local harvest site has been free 
of significant complications. We have had no cases of 
hand ischemia because of radial artery harvest and no 
patient has developed postoperative compartment syn- 
drome. Approximately 3% of patients have returned 
with sensation changes over the dorsal aspect of their 
thumb. This may originate from retraction on the 
superficial radial nerve during harvesting. In all cases, 
this has been a transient effec,t with sensation returning 
within 8 to 12 weeks postoperatively. 
Discussion 
As our experience evolved, we have been influenced b y  
the work of two other groups. First, Calafiore et al' 
have shown the feasibility of anastomosing the radial 
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artery to the left or right ITA. Secondly, we have been 
impressed with the experience of Tector et al,2 who have 
achieved total revascularization of the heart using the 
right ITA as a free graft anastomosed to the left ITA. 
Whereas Calafiore has used multiple arterial conduits 
to achieve complete revascularization of the heart, we 
have shifted from this approach to that of Tector's 
during our experience with the radial artery because of 
the advantages associated with the use of two rather 
than more conduits. 
Despite the advantages, significant disadvantages do 
exist. The two major disadvantages are those regarding 
the complexity of the operation and the potential for 
hypoperfusion. Use of only two conduits for complete 
myocardial revascularization necessitates a conduit-to- 
conduit anastomosis and the use of sequential anastomo- 
ses. This strategy is technically more demanding and 
contains very little margin for error. A technical error 
cannot only cause failure of the involved anastomosis, 
but it can also compromise distal conduit flow. 
The potential for hypoperfusion remains a significant 
concern. The number of patients that have developed 
this syndrome clinically (1.3%) has been low. Hypoper- 
fusion has not been precisely documented in most 
reports and it has not always been possible to define the 
origin (spasm, conduit injury, technical error, or intrin- 
sic inadequacy of conduit flow). The treatment of 
hypoperfusion involves hemodynamic support with an 
intra-aortic balloon pump, reversal of spasm with 
vasodilators, and, if necessary, supplemental vein graft- 
ing. The intra-aortic balloon pump may also be effective 
treatment for hypoperfusion when it is related to 
conduit spasm and is not a mechanical fault with the 
arterial reconstruction. 
We have not routinely chosen to use calcium channel 
blocking agents. It is our experience that harvest spasm 
will resolve with restoration of conduit flow. However, 
we have followed Calafiore's suggestion of infusions of 
papaverine, as described previously, into the radial 
artery. 
Summary 
Our initial experience with the radial artery as a 
conduit for myocardial revascularization has been favor- 
able. Early mortality has been low and perioperative 
myocardial infarction and hypoperfusion have been 
infrequent. Clinical spasm of the radial artery has 
occurred in only 21377 cases. The local harvest site has 
b e m  free of significant complications. Early reports of 
the patency of the radial artery have been impressive. 
However, longer follow-up is needed to define its 
superiority over other conduits. The low number of 
patients in our series returning for repeat cardiac 
catheterization limits our ability to estimate our pa- 
tency at this time. This grafting strategy, although 
technically more demanding, allows complete revascu- 
larization using two arterial conduits in most patients. 
It is our hope that this will eventually lead to improved 
long-term patency, fewer late ischemic events, and 
improved survival. 
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